Selective fixation of beneficial mutations reduces levels of linked, neutral variation. The magnitude of this "hitchhiking effect" is determined by the strength of selection and the recombination rate between selected and neutral sites. Thus, depending on the values of these parameters and the frequency with which directional selection occurs, the genomic scale over which directional selection reduces levels of linked variation may vary widely. Here we present a permutation-based analysis of nucleotide polymorphisms and fixations in Drosophila simulans. We show evidence of pervasive small-scale hitchhiking effects in this lineage. Furthermore, our results reveal that different types of fixations are associated with different levels of linked variation.
F IXATION of beneficial mutations results in reduc-
example, if a greater fraction of amino acid fixations result from selection (compared to silent or noncoding tions of linked, neutral variation. The scale of this hitchhiking effect (Maynard-Smith and Haigh 1974) fixations), the level of polymorphism in regions near amino acid fixations may be reduced relative to that reflects the relative strengths of selection and recombination during a selected mutant's sojourn through the in regions near silent fixations. More generally, sites experiencing stronger or more recent directional selecpopulation (Hill and Robertson 1966; Kaplan et al. 1989) . In general, a reduction of linked variation is tion should be associated with regions of lower heterozygosity. expected to occur over a physical region defined by the ratio of the recombination rate per base pair per
Here we develop a permutation-based test for detecting small-scale reductions of heterozygosity. Using generation and the selection coefficient. Therefore, if many beneficial nucleotide fixations result from weak standard methods from meta-analysis (Fisher 1935 (Fisher , 1954 Glass 1976; Sokal and Rohlf 1995; Good 2000) , selection, the associated hitchhiking effects may occur over only tens or hundreds of bases (Kaplan et al. 1989) .
we applied our permutation test to a sample of Drosophila simulans genes to see if particular types of fixations are Despite recent work demonstrating that regional levels of nucleotide polymorphism across the genome in Droassociated with small-scale regions of reduced DNA polymorphism. sophila and other organisms are affected by selection at linked sites (Berry et al. 1991; Begun and Aquadro 1992; Langley et al. 1993; Aquadro et al. 1994; Nach-MATERIALS AND METHODS man 1997 , 2001 Nachman et al. 1998) , the possibility of small-scale selective perturbations of polymorphism Sequence data: The names, physical locations, and summary statistics of variation for the loci used in our analysis are in has not been investigated. Begun and Whitley (2000) .
gene was compared to the permutation-generated distribution. This yields the probability that the observed and for windows around test sites were lower than expected under the null hypothesis (thus, this is a one-tailed test). A potential simply add noise across all of our analyses. To be conservative, problem with our approach could be that the ends of surveyed we restricted our analyses to fixations having a single, most DNA sequences were undersampled during the permutations parsimonious reconstruction of the ancestral state. Synonyas windows exceeding the ends of the sequences were exmous codons were assigned to preferred vs. unpreferred cluded from the analysis. However, this is not a major concern classes according to Sharp and Lloyd (1993) . Both and as heterozygosities at the 5Ј and 3Ј ends of the surveyed regions (Watterson 1975; Nei 1987) were used as estimators of were not significantly different from heterozygosities at other heterozygosity. Table 2 presents mean levels of heterozygosity regions (analysis not shown). for genes included in our analysis that contain at least one of
The choice of window size is a complex and important issue the indicated class of fixation. Note that there does not seem that may affect the picture of variation within a gene and the to be a relationship between fixation class and polymorphism power of our analysis (Silverman 1986). If window sizes are at the whole gene level.
too small, then most randomly selected windows will have no Permutation analysis: The goal of the permutation analysis segregating sites. This would reduce our power to detect a was to use DNA polymorphism data to empirically generate significant association of test sites with regions of reduced null distributions of nucleotide heterozygosities for windows heterozygosity. Alternatively, large windows may "smooth" inof defined size. The null hypothesis is that levels of DNA teresting local variation in polymorphism if the extent of the polymorphism in regions near sites that fixed in a gene along hitchhiking effect was substantially smaller than that of the the D. simulans lineage ("test sites") are the same as levels of window size (similar to the case of a large window width parampolymorphism observed in randomly selected regions within eter in Silverman 1986). A priori knowledge of the effect of the same gene. The alternative hypothesis is that regions near window size on the power of rejecting the null hypothesis vs. test sites have reduced heterozygosity. Each test site was assigned to a category of fixation (i.e., unpreferred, preferred, some alternative for each gene would be ideal. In the absence of such information, however, we chose the window size on the replacement, silent). For each gene, we estimated and for a window of 200 bp centered on each test site of a given basis of the following empirically based rationale. Although D. Using g has two main advantages. First, it allows us to estideviation because using only the mean would have reduced mate the relative magnitude of the reduction in heterozygosity our power in genes with less polymorphism, whereas increasnear test sites from different categories of fixation. Second, ing the window size was likely not biased. Regardless, the g scores can be used to compare the relative reduction of results using a window size based on the mean were not signifipolymorphism surrounding test sites across loci. If, on average, cantly different from those using a window size based on the there is no difference in the levels of heterozygosity surmean plus a standard deviation (data not shown). Software rounding test sites and the levels of heterozygosity at all sites and source code implementing this method are available from then the mean g across loci should be zero. A t-test can be the authors and at http:/ /limulus.ucdavis.edu/‫ف‬cojo/.
used to test the null hypothesis that g is zero (i.e., there is no Statistical analysis: Failure to reject the null hypothesis at effect). This is an improvement over Fisher's test in that the a locus may reflect a lack of polymorphism at that locus or null is less likely to be rejected if there are only a few genes other factors limiting the power of our analysis. We used Fishof strong effect and many genes of no effect. er's combined probability test to effectively increase our ability to detect a significant trend in the data. This test is suitable when separate statistical tests on different data sets test the RESULTS same scientific hypothesis (Fisher 1954; Sokal and Rohlf 1995) and is especially applicable when the same significance Tables 3 and 4 show the results of permutation analytests are used on all data sets, yet a joint statistical analysis is ses of polymorphism in 200-bp windows centered on impossible (as is the case here). Moreover, our use of Fisher's combined probability test is likely to be unbiased because all replacement and silent fixations, respectively. Heterozyloci were subjected to an identical analysis that yields exact gosity near replacement fixations ( ϭ 0.0067, ϭ probability values (Sokal and Rohlf 1995). 0.0073) is slightly, though not significantly, reduced
One of the limitations of Fisher's test is that it cannot distincompared to overall levels of heterozygosity ( ϭ 0.0087, guish between several tests with consistent weak effects vs. a mixture of tests with strong effects and tests with no effect. ϭ 0.0094) in sequenced regions of individual genes
To address this limitation, we used a standard test statistic (Fisher's combined probability, d .f. ϭ 16, P ϭ 0.15 and from metaanalysis, Glass's g : P ϭ 0.08 for and , respectively). To avoid the confounding effects of pooling data across loci, we calcu- lated Glass's g statistic for each locus [g is a dimensiontwo categories, preferred and unpreferred (Sharp and Lloyd 1993) . Therefore, we can investigate whether less measure of the difference between heterozygosity at our test sites and that of the gene as a whole (Glass patterns of linked variation differ between mutant classes at silent sites. Mean heterozygosity and mean 1976)]. An average g of 0 is expected under neutrality, whereas a negative g is expected if heterozygosity has g (Table 5 ) reveal no reduction of heterozygosity for windows centered on unpreferred fixations ( ϭ 0.0079, been reduced. Consistent with the statistical results of average heterozygosity, mean g, while negative, is not ϭ 0.0086). Furthermore, no individual genes showed a significant reduction of polymorphism in windows statistically different from 0 (g ϭ Ϫ0.42, t ϭ Ϫ1.502, P ϭ 0.15 for ; g ϭ Ϫ0.379, t ϭ Ϫ1.195, P ϭ 0.25 for centered on unpreferred fixations. Windows centered on preferred fixations, however, show a highly significant ). Similarly, heterozygosity in 200-bp windows centered on silent fixations ( ϭ 0.0077; ϭ 0.0081) is not reduction of polymorphism (Table 6 ; d.f. ϭ 46, P ϭ 0.0096 and P ϭ 0.0041 for and , respectively). Aversignificantly reduced compared to overall levels of heterozygosity ( ϭ 0.0084, ϭ 0.0086) in sequenced regions age polymorphism in regions near preferred codon fixations ( ϭ 0.0065, ϭ 0.0065) is ‫%52ف‬ lower comof individual genes (Fisher's combined probability, d.f. ϭ 50, P ϭ 0.06 and P ϭ 0.054 for and , respecpared to the genes from which they were sampled ( ϭ 0.0084, ϭ 0.0086). This effect is confirmed by the tively). Interestingly, mean g across all loci for silent fixations is significant for (g ϭ Ϫ0.484, t ϭ Ϫ2.726, mean g across all loci with preferred fixations (g ϭ Ϫ0.612, t ϭ Ϫ2.851, P ϭ 0.0093 for ; g ϭ Ϫ0.631, P ϭ 0.0118) and is marginally significant for (g ϭ Ϫ0.385, t ϭ Ϫ2.049, P ϭ 0.0516). None of the individual t ϭ Ϫ3.159, P ϭ 0.0045 for ), which also indicates a significant reduction in levels of heterozygosity flanking genes shows significantly reduced heterozygosity near replacement or silent fixations when critical values are preferred fixations. Figure 1 provides a visual comparison of the distributions of g across loci for preferred Bonferroni corrected for multiple tests.
Genomic patterns of codon usage in Drosophila sugand unpreferred fixations. Although five loci (AP-50, Cen190, crq, mei-218, and Pgd) show large reductions of gest that silent mutations can be placed into at least for windows centered on preferred fixations, none our inference, we can avoid this complication by investiare individually significant when critical values are congating silent fixations of mutants belonging to twofold servatively adjusted for multiple tests.
codon families, which alternate between preferred and Figure 2 illustrates the effect of window size on our unpreferred states by reversible mutation. Congruent analysis. Figure 2A shows the results of an expanding with the results from all preferred and unpreferred fixawindow analysis for a strongly significant result, in this tions, preferred and unpreferred classes in twofold cocase a significant reduction around preferred sites.
dons are dramatically different in our estimate of their Clearly, the reduction in heterozygosity is statistically levels of linked heterozygosity (preferred, ϭ 0.0055, detectable for a variety of window sizes. Figure 2 , B and ϭ 0.0054; unpreferred, ϭ 0.0091, ϭ 0.0099), C, shows results typical of nonsignificant genes. Both although this difference is not statistically significant genes lack the long stretch of significant window sizes (perhaps as the consequence of reduced power in this seen in Figure 2A . In Figure 2C , preferred fixations restricted data set). drop below P ϭ 0.10 for windows of ‫041ف‬ bases, but only briefly, which suggests that this dip was due to chance.
DISCUSSION
One concern regarding our analysis is that we have Our analysis of D. simulans polymorphism and diverassumed that four-codon families can be represented gence data revealed no evidence of hitchhiking effects as having only two fitness classes, preferred and unpreassociated with replacement fixations. One possible exferred. However, conserved patterns of rank order of planation is that the proteins in our sample evolve by codon usage within codon families across widely divergenetic drift in D. simulans. Alternatively, replacement gent Drosophila (Kreitman and Antezana 2000) sugfixations may be composed of a large class of neutral gest that some four-codon families may have as many mutants and a small class of strongly selected mutations. as four potential fitness classes. Although it is unclear under what circumstances this fact is problematic for
If this were the case we might not observe an overall association of replacement fixations with reduced heterseems unlikely because loci that have fixed at least one amino acid are roughly as polymorphic as those that ozygosity. Finally, the power of our analyses of replacement fixations could be compromised if the physical have fixed only unpreferred mutations (Table 2) . We observed a reduction of linked polymorphism scale of reduced variation near replacement fixations were greater than the size of the windows or gene renear preferred fixations, but not near unpreferred fixations (Table 7) . One might expect this result under the gions used in our analyses. This explanation, however, simple premise that preferred and unpreferred muta- (1974) showed that conditional on fixation, the mean and variance of the sojourn time are the same for fixed tions are slightly beneficial and slightly deleterious alleles, respectively. However, this expectation is probably beneficial and deleterious mutations having identical selection coefficients. Although counterintuitive, this incorrect because we are examining a special set of mutations, namely those that have fixed. Maruyama result can be understood in the following way: given little understanding of how different population genetic parameters affect our permutation test or the population genetic scenarios under which we may be able to that a deleterious mutant will fix, the more strongly detect the local footprint of selection. Finally, our results negative the mutant, the more quickly it must fix by underscore Akashi's (1995 Akashi's ( , 1999 cautionary notes redrift to escape the selection that opposes its spread.
garding the dangers of making population genetics inUnder this model, the hitchhiking effect associated with ferences on the causes of protein evolution under the preferred and unpreferred fixations should be the premise that silent mutations are neutral (e.g., Smith same, all else being equal. Thus, one interpretation of and Eyre-Walker 2002; Fay et al. 2002) . our results is that some factor affecting the expected heterozygosity in a recurrent hitchhiking model differs ing equal (Kaplan et al. 1989; Simonsen et al. 1995; Kim and Stephan 2002; Przeworski 2002) , because there has been less time for neutral variation to accumulate following the fixation event. Therefore, one hypothesis LITERATURE CITED for the greater reduction of heterozygosity near preferred
